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SECTION 1 

INTRODUCTION 

The present research effort has been based on the observation of 

a char, teristlc exoelectron image of an optical quality LiF single 

crystal after its exposure to a 50 ns pulse of about 15 J/cm from a Nd- 

glass laser.  This was the first timt that exoelectron emission was ob- 

served from a dielectric material after exposure to intense laser light. 

The initially proposed1 theoretical explanation for this imaging was 

multi-photon photocarrier geneiation and subsequent trapping of a part 

of these carriers in electroi: traps. An apparent relation between these 

electronic processes and the precursors of laser damage was then taken 

as the basis for the present research piogram.  The scope of this program, 

as described in the first semi-annual report (AFCRL-TR-73-0068, March 

1973), is to determine the feasibility of using exoelectron surface 

imaging as an NDT method of predicting the laser surface damage thres- 

hold for laser optical materials. 

During the present reporting period, we performed computer calcu- 

lations of the processes leading to exoelectron image formation in pure 

NaCl containing F-centers (traps). This work is described in Section 2. 

The basis for this work is the multiphoton mechanism mentioned above. 

A major result of the NaCl calculations is the conclusion that a similar 

mechanism cannot be responsible for the exoelectron images observed in 

LiF.  In search of an alternate mechanism, we then experimented on LiF 

single crystals (Section 3).  These experiments clearly demonstrate that 

the occurrence of a spark or plasma close to the sample surface is re- 

sponsible both for filling traps with electrons and for forming the 

observed exoelectron images.  This is not to say that multiphoton processes 

will not lead to exoelectron images under any circumstances.  They will, 

however, require a much higher photon flux than that which can be toler- 

ated by the optical quality LiF samples we used so far.  A detailed dis- 

cussion of this whole question is given in Section 3. 

\ 
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Experimental work has also proceeded on thermally and optically 

stimulated electron emission from selected laser materials.  This work, 

which is reported in Section 4, resulted in the discovery of several 

interesting new phenomena and shows the need for impinved control of 

surface conditions.  The progress made on developing a new exoelectron 

emission microscope is reported in Section 5. 
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SECTION 2 

APPLICATION OF THEORY TO EXOELECTRON EMISSION FROM NaCl 

2.1  THEORY 

2.1,1  Rate Equations 

We have undertaken the development of a detailed theory of 

laser-induced exoelectron emission from optical materials in order to 

gain further insight into the processes responsible for the formation 

of the observed1 exoelectron images. An outline of this theory was pre- 

sented in the first semi-annual report (AFCRL-73-0068, March 1973).  In 

this section, we report on the application of this theory to NaCl which 

is exposed to high power ruby laser pulses. We first determine the den- 

sity of trapped electrons as a function of laser flux.  In turn, this 

information together with the known intensity profile of the laser beam 

can be converted into a spatial distribution for the trapped electron 

density. A correlation between this spatial distribution and the observed 

exoelectron images should thfen be possible. 

NaCl was chosen because its properties are well known2 and all the 

parameters (cross sections for multiphoton absorption and electron trap- 

ping, transition probabilities, etc.) are either known from independent 

experiments or can be calculated.  We consider a pure NaCl crystal contain- 

ing a given natural density of ion-vacancies.  The Cl~ vacancy forms an 

F-center upon capture of a free electron. This center is the electron 

trap. During the laser pulse, free carriers are generated and some of them 

are trapped in the Cl~ vacancies.  The wavelength (A = 6943Ä) of the 

ruby laser corresponds to a quantum energy of 1.78 eV.  Therefore, NaCl, 

having a band gap E =8.1 eV, requires a five-photon absorption process 
o 

for free carrier generation. 

The physical processes which are responsible for the spitial dis- 

tribution of trapped electrons can be described by equations (8) and (9) 

In the first semi-annual report, appropriately modified for NaCl. For 

^A. - 
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convenience, we repeat these equations; hereafter they will be referred 

to as equations (1) and (2), respectively: 

dn 
 c 

dt 
n    cü. + n    u      + n    a)..     - n     (n    + n )  w      - n     (N.   - n. )  w      (1) ci        vvc ttc cc        tcv        ct tct 

dn. 

dt - - nv  (Nt - nt)  %t + nc   (N - ^ ^ - nt  («c + n,.)   i.^ - l»t ^(2) 

1 

The assumptions leading to  these equations and the specific  notation are 

discussed in the  first  semi-annual report.     The modifications  for NaCl 

are: 

• Consider the excited level of the F-center in addition to the 

F-center ground level because,  according to Markham,     the re- 

trapping traffic toward the ground-state of the F-center occurs 

via the excited level.     As a result, we had to  change the nota- 

tion slightly.    For convenience,  the notation used in this 

section is listed below. 

• Replace the term  (n    + n ) m      in equation  (1)  by the lifetime 

T    of the free carriers. 
c 

• Neglect the transition probability q      for the valence electron 

to reach C2    vacancies directly. 

• Add an equation  for  the temperature change of  the  sample during 

and after laser exposure. 

A schematic of the energy level diagram for NaCl containing F-centers 

and the relevant  transitions  is  shown in Figure 1. 

>^M 
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ENERGY LEVEL DIAGRAM FOR NaCI 

Figure 1 - Energy level diagram of NaCI 

2.1.2      Notation 

N ■ density of Cl vacancies 

X - density of F-centers in ground state 

n - density of F-centers in excited state 

n ■ density of free electrons in the conduction band (cb) 

n •• density of valence electrons 
v       ' 

ü). ■ ionization rate 

w  ■ transition probability for 5-photon photocarrier 
generation 

a)  ■ transition probability for electron capture into 
the excited F-center level 

u)  ■ transition probability for electrons to go from the 
excited F-center level to the conduction band 

T ■ lifetime of conduction electrons 

■  ■ ■ ^ t^^m mm^am 
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T ■ lifctiiie of electrons in excited F-center levels 

Cü_ = transition probability for electrons to go from the 
ground level of the F-center to the conduction band 

T ■ temperature 

W ■ absorbed energy density 

p - density of crystal 

< - specific heat of the crystal 

t = laser pulse width (FWHM) 

T ■ electron-phonon collisior time 

.j v.     r T, u     0.46 eV Au; ■ width of F-bnnd ■  =  
'fi 

t   =  t ime 

E - trap depth  (in general) 

F ■  laser photon  flux 

A* ■  laser peak  flux 

E    - 8.1 eV ■ bandgai; of NaCl 
g ° ■ 

E ■ 1.94 eV » energy difference between F-center ground 
level and lower edge of the conduction band in NaCl 

E - 0.11 eV = energy difference between excited level of 
F-center and lower edge of the conduction band in 
NaCl2 

e 
X ■ 6943A ■ wavjlength of ruby light 

U ■ •=— ■ (2IT)   x 2.63 x 10  s  • frequency of ruby 

laser light (the corresponding cuantum energy is 
1.78 eV) 

r ■ distance from center of the laser beam 

a- ■ generalized cross section for five-photon absorption 
in NaCl 

o. ■ cross section for single-photon absorption by an 
elytron in the excited level of an F-center 

i 
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o„ ■ two-photon absorption cross section for ground state 
F-center 

E " rms field strength of laser photon field 
o 

The relevant equations to be solved are then: 

dn 

dt 
— -n to  -n/i +n w^ -n  (N-X-n)w^ + «-^ X + CJ. n  (3) 

v vc   c c   t  tc   c ct   Fc     l c 

dn, 

dt 
-n H  + n  (N - X - n ) w . - n /T 

t  tc   c t  ct   t  t 
(4) 

dX 
dt 

-M. X + n /Tk Fc     c t 
(5) 

aid 

dT   .    .-1 dW (6) 

2,1.3  Calculation of Parameters 

We will now determine all the relevant parameters needed 

to numerically solve the rate equations (3) through (6). 

The transition probability M  for the five-photon absorp- 

tion process is a^ ■ 05 F .  The generalized absorption cross section 

0, - 0.5 x IO"  cm  s^ was measured by Catalano and coworkers3 and 

agrees reasonably well with theoretical calculations.u  From the mole- 
3 

cular weight of SS.AAg and the density p = 2.165 g/cm , the density of 
22  -3 

active atoms (Cl atoms) is calculated to be n - 2.23 x 10 /cm  . 
v —118 5 

Therefore, the 5-photon generation rate n w  - 1.12 x 10    F  (mea- 
_1 v vc 

sured in s ). 

The time dependence of the laser pulse (photon flux) is, 

in fair approximation to the actual pulse shape, 

2   / TTt 
F - A*  sin 2t 

11    1 1 fclki 
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measured in photons/cm -y..     The probability 

thermal transition probab.'.lity 

th 

tc u)  + w0 contains the 
tc   tc 

" v^u N o e tc   th c 

-Et/kT 

i 

and the probability u      for single photon absorption by electrons in 

the excited level of the F-center. 

The effective density of states2 at the lower edg> of the 

conduction band is 

Nc =  2,2^k|3/2T3/2 = 4>8xl015T3/2   ^-3^ 

assuming that the effective mass m* of the conduction electron is equal 

to the free electron mass.  The thermal velocity 

vth - (3 kT/m*) 
1/2 

The probability of electron capture into the excited state of the F- 

center2 is about 10~  cm ; therefore. 

^h % 7 x 109 T3/2 e"0'11 eV/kT. 
tc 

Since 

th „  -0.11 eV/kT 
u)  ■ a)  N e 
ct   tc c 

—6   3 —1 
we find »  - 1.45 x 10   (cm s" ).  The probability for single photon 

absorption is 1 

- 

* ■ ~'1-     
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tc 
r. 2 e  f 

alF"'9 m*c Av 

2 + 
2\2 

where n - 1.53 is the refractive index of NaCl at 6943A, f ^ 1 the oscil- 
r 

lator strength of the transition, and Av % 0.5v its line width.  The 
—16  2 

cross section then becomes, in our case, o.. ■ 1.1 x 10   cm .  In a 

similar way, we calculaf ed the cross section o« for the two-photon tran- 

sition from the ground state of the F-center to the conduction band. 

We have 

o    th   , o      „ 
OJ_ " w-, + UJ_, and w_ ■ a» r. 
Fc   Fc   Fc     Fc   2 

According to Kleinman,5 

?-  Q 3    2   ,2 
r      Sit    c    f 

02 "    0    2    2   . F- 
n      UJ    Aw 

r 

13 
Hera r - 2.82 x 10   cm is the classical electron radius, c the velocity 

of light, ü)(ruby) - 2.63 x 10  s  , and f is an average of the involved 

oscillator strengths. 

With2 

Aw - ~— eV = 0.68 x 1015 s"1 

and using f - 1, we obtain u^c - 1.6 x 10"  F  (s' ).  The thermal part 

of a)  can be estimated.  We know that the cross section for electron 
Fc 

capture into the ground state of the F-center is about two orders of 

magnitude smaller than that for capture into the excited state;2 further- 

more, it decreases with temperature. Assuming the cross section for 

capture into the F-center ground state is only one-tenth of that for 
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capture  into the excited  state,  we obtain 

4h -  7 x 108 T3/2 e"^^1 
Fc 

Admittedly, w  might be slightly overestimated; however, measurements 
r c 

of it, based on thermally stimulated processes, are less reliable In 

light of recent Investigations.6»7 This thermal transition Influences 

the degree of trap filling after the laser pulse If the temperature 

Increases to several hundred degrees centigrade.  A more accurate value 

Is desired; achieving this Is one of the goals of our Investigations. 

However, for the actual damage process (see below), this transition Is 

rather Insignificant. 

Equation (6) Is derived from 

dW 
dt 

2   J e t ■ 

m*  1 + T 
2 2\ 

1 U I 

the rate of energy absorption per cm due to free carrier absorption of 

laser photons.8»9 Here T. ■ 0.5 x 10   s (electron-phonon collision 

time),10 and E Is the rms-value of the optical field strength which Is 

obtained8 from 

4TT F ^tf u) 
c n 

In accordance with Hellwarth,11 we assume now that the electrons transfer 

the absorbed energy to the lattice In a time that Is fast compared to 

the laser pulse width t .  This enables us to calculate the temperature 

increase from 

41 . !_ dW 
dt " o< dt 

2.7 x 10'20 n E 2 (deg/s) 
c o 

10 
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where E is measured in V/cm, or 
o 

4£ - 1.9 x 10"36 n F (ruby) at c 

where we used the value <  ■ 0.203 cal/g-deg for the specific heat of 

NaCl. 

2.2  NUMERICAL CALCULATIONS 

2.2.1  Method 

The numerical calculations of equations (3) through (6; 

were performed using a modified Runge-Kutta method with variable step 

size.  We have, in a first approximatioi , neglected the temperature rise 

of the sample.  Numerical estimates show that this assumption does not 
28  —? —1 

affect the obtained results up to photon fluxes A* % 3 x 10  cm ' s 

The damage threshold for NaCl was determined by Bloembergen's group9»10»12 

ft 2ft  "        2 
to be 2.1 x 10 V/cm ■ 6.9 x 10  photons/cm -s. At fluxes larger than 

28  -2 —1 
about 4 x 10  cm  s  , the temperature increases dramatically.  This 

increase could constitute an alternative damage mechanism to dielectric 

breakdown, the mechanism advocated oy Bloembergen et al.  This is dis- 

cussed in more detail in the next section. 
■     -6 

Since the lifetime of free carriers^ is 10  s and the 
, -6 

lifetime of the excited F-centerz is also 10  s, no significant loss 

of photocarriers occurs during the 30 ns laser pulse.  Thereafter, the 

photocarriers decay with a lifetime of "J  s and the excited F-centers 

relax to  the ground level, thus filling ,.he traps.  This population of 

filled traps acts as the reservoir for exoelectrons which are observed 

during the thermally stimulated exoelectron experiment.  Because these 

lifetimes are relatively long compared to the laser pulse duraulon 

(^50 ns), we are thus able to perform the calculations in two steps. 

The first corresponds to the process in which the NaCl is excited by 

the laser pulse.  For this case, the relevant time domain for solving 

the differential equations (3) through (6) is 0 - t ^ t and we neglect 

11 
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terms proportional to T and T .  The second step of the calculations 

corresponds to the relaxation of the NaCl after the laser pulse.  In 

this step, we neglect all terms In equations (3) through (6) that con- 

tain the laser flux F.  The redistribution of all electrons then occurs 

via the decay of conduction electrons to the valence band and the decay 

of the electrons in the excited level to the ground level of the F-center. 

We have solved equations (3) through (6) first without 

considering avalanche ionization (o 0), in order to find out whether 

the Hellwarth mechanism11 can account for the damage.  Hellwarth contends 

that the. conduction electrons deposit their energy (e.g., absorbed from 

the laser photon fielu by Inverse Bremsstrahlung) In the lattice before 

they reach sufficient kinetic energy for lattice Ionization.  In addi- 

tirn, exoelectron Images might be formed by depositing electrons in 

Cl vacancies before avalanche sets in. 

2.2,2  Results of Numerical Calculations 

The following initial conditions were used 

N ■ 5 x 10  cm" ; Cl vacancies/cm 

X - 5 x 1015 cm" ; initially filled traps (F-centers) 

due to, e.g., pre-radlition with X-rays 

nc(o) - nt(o) « 0 

T - 300oK 

We calculated first the densities n (2t ), n (2t ), and 

- 30 ns and F - A* sin  [Trt/(2t )].  The laser pulse ends 
P 

X(2t ) for t 
P      P 

at t - 2t , and t is the FWHM-value of the pulse.  The results are 
P      p 16  -3 

shown in Figure 2. All numbers are normalized to 5 x 10  cm  , the 

initial density of the Cl vacancies. 

The density of filled traps (F-centers) at t - 2t decreases 

sharply with increasing peak flux A*.  A"I initially available F-centers 
28 2 

are converted back to Cl~ vacancies at A* > 10  photons/cm -s.  Of course, 

this is to be expected, because the reiilllng mechanism (decay of excited 

F-centers to ground state) is not yet operative at 60 ns, and two-photon 

absorption excites the electrons from the ground-state F-centers into the 

12 
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Figure 2 - Normalized densities of F-centers in the ground state (X/N), 
of conduction electrons (nc/l0, and of electrons in the 
excited level of the F-center (nt/K) at time t ■ 2tp (the 
end of the laser pulse) as a function of the peak pnoton 
flux A*. 
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conduction band. The Increase in both n and n is initially proportional 
0/9 C t 

to   (A*) 3/2 
The increase  in  the density of  conduction electrons  then 

becomes proportional to   (A*)     due  to 5-photon free carrier aeneration. 
28      —2    —1 

At A* 'v- 5 x 10      cm      s     ,  nt  increases sharply and eventually merges 

into saturation at  large fluxes where nt(2t  )  - M,  the condition that 

all F-centers are in the excited state. 

After the laser pulse,   at  t  > 2t   ,  the densities n    and 
-      p' , c 

nt decrease exponentially with a time  constant of  T - 10      s.    Of  inter- 

est now is the be^vior of X(t  >  2t  ).    Refilling of the traps via the 

decay of nt now replenishes electrons  lost by two-photon absorption of 

the F-centers.    This is shown in Figure 3 where X(2t    + 6T  )   is plotted 
p c 

as a function of the peak flux of  the  laser pulse.    At A* % 1028 cm"2 s"1, 

X reaches a minimum and increases  thereafter,   aaymptotically approaching 

5 x 10      cm      (the density of Cl~ vacancies)  at high photon fluxes. 

The spatial variation of  the density of F-centers  along 

the sample surface is obtained  from the results of Figure 3 by employing 

the intensity profile of the  laser beam to convert the dependence of X 

on A*  into a function of r,  the distance from the center of  the  laser 

beam.     Assuming this beam profile to be a Gaussian with a minimum spot 

size of  2 mm diameter, we obtain,  not surprisingly,  the profile of the 

F-center density distribution of  the exoelectron image shown in Figure 4. 

One can clearly distinguish three different  intensity zones: 

• Bleaching of F-centers due to two-photon absorption at  low 

flux A* - Region I 

• Refilling of F-centers due to decay of n    after the  laser 

pulse - Region II 

• Center region which is bleached again due to a rise  in temper- 

ature  (note that the dashed curve is not corrected for tempera- 

ture effects and this  latter bleaching effect is not  shown in 

Figure 4).  - Region III 

14 
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Figure 4 - Spatial vavlatlon of the density of trapped electrons as a 
function of the radial distance from the center of the laser 
Intensity profile.  The Intensity profile of a mode TEMQO 
laser pulse with a minimum spot size of 2 mm was used to 
convert the data shown In Figure 3 to this diagram.  The 
arrows Indicate the peak photon flux A* of the corresponding 
laser Intensity profile. 
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The rise in temperature, given by equation (6) is of con- 

siderable interest.  Up to this time, we have not included this rise in 

our computer calculations; however, an estimate of the temperature increase 

can be obtained quite easily. Equation (6), as applied to NaCl and a ruby 

laser beam, reads dT = 1.9 x 10~" F n dt. We assume that, on the ave- 
c ' 

rage, F can be replaced by A*/2 and 

2t 

/ 
I  n  (2t ) t /2 

This results in the temperature increase 

AT - 0.95 x 10"36 A* n t 2 

c p 

8 > 1028 

Figure 5 - Estimation of the temperature increase AT of the sample at 
t ■ 2tp (end of the laser pulse) as a function of peak laser 
flux A*. 
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shown in Figure 5. Of course, since some of the transition probabili- 

ties in equations (3) through (6) are temperature dependent, this is 

not expected to be a very good approximation.  It is, however, sufficient 

to obtain a first impression of the temperature effects that take place 

even in the absence of avalanche i^nization; the latter sets in a 

photons/cm -s for a 30 ns pulse of a ruby laser.11»12 

Two comments concerning the preceding calculations are in 

7 x 10 

order: 

■. - 

The rapid rise of the temperature at photon fluxes of more 
28  —2 —1 

than about 4 x 10  cm  s  can conceivably cause damage 

without the assumption of an avalanche mechanism (the so- 

called Hellwarth mechanism). 

The high temperatures that can be reached even before damage 

sets in require the addition of a thermal diffusion term in 

equation (6) and the discussion of its influence on the occu- 

pation of the traps at times       >> 2t and, therefore, on the 

exoelectron image as well. 

18 
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SECTION 3 

LiF INVESTIGATIONS 

Calculations similar to those described in the previous section 

have not been carried out for LiF as of now.  The main reason for this 

is the lack of data on the relevant cross sections and transition proba- 

bilities.  We are able, however, to discuss the effects measured in LiF 

on the basis of the NaCl calculations.  From the ratio E_ (LiF)/^,. (NaCl) 
or      Br 

= 2.67, measured by Vorobev et al.13 for dc fields and from the theory 

for optical breakdown of alkali halides,9 we conclude that the breakdown 

field strength from LiF must be about 5.6 x 10 V/cm at the frequency of 
29 -2 -1 

the ruby laser.  This value corresponds to 4 x 10  photons cm  s 

Since the process of photocarrier generation in LiF by absorption of 

ruby photons is 7-photon absorption, we expect the cross section for 

this process to be much smaller than the cross section for 5-photon 

absorption in NaCl.  Therefore, the processes that are expected to lead 

to exoelectron images after exposure of LiF to pulses of a ruby laser 

will occur at fluxes that are considerably higher than those calculated 

for NaCl. 

Previous experiments1 on exoelectron images after exposure to a 

Nd-laser pulse indicated, however, that the damage threshold was about 
2 

15 J/cm for 50 ns pulses.  Recent experiments using the Owens-Illinois 

single TEM__ mode Nd-glass laser confirmed the results.  The damage 

threshold of optical quality LiF crystals, supplied by Harshaw Chemical, 
2 27 

was determined to be 20 J/cm . This corresponds to 2.3 x 10  photons 
-2 -1        5 

cm  s  or 3 x 10 V/cm.  Damage occurs, therefore, in the examined 

LiF samples at a fraction of the expected rms electric field strength. 

We conclude from this that the damage threshold measured for these LiF 

samples was not the "natural" damage threshold but must have been due 

to a rather imperfect surface and/or inclusions.  Indeed, optica^ quality 

alkali halide samples from Harshaw have a large number of inclusions 

19 
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and also  a rather poor surface finish.      (Large scratches are easily 

visible when the  surface is illuml'iated with a microscope lamp.) 

This damage occurred at photon flux levels below that  required, 

on the basis of processes described in the previous  section,   to obtain 

the observed1  exoelectron images.     Therefore,   the exoelectron images 

observed    on LiF surfaces after exposure to  intense light  from a Nd- 

glass laser cannot be explained by multiphoton processes assumed  in  the 

preceding  section.    What then is their nature and what  is the mechanism 

responsible  for  their formation?    The answer to this question has  im- 

portant  implications concerning the goal of  this research effort.     We 

therefore performed a series of experiments which yielded convincing 

evidence  that  the occurrence of a spark or plasma  is required  for the 

image formation in LiF.    This spark is,  under certain conditions,  not 

associated with any kind of visible damage.     We note that no plasma 

formation,   either in air or on the  surface of  the sample,  is assumed. 

As a point of  interest,  this condition of no plasma will best  be achieved 

using a TEMn_ mode laser up to the threshold powor density for air break- 

down or  for breakdown of the sample surface accompanied by a white-hot 

plasma.     Multi-mode laser beams will  in general produce air breakdown 

or damage of  the sample surface at  lower power densities   (these are 

necessarily average power densities)  due to the well-known occurrence 

of high power filaments. 

In a  first  set of experiments,  we exp.sed a 1  in.  x 1 in.   LiF 

crystal of  optical quality to 9 shots of  tne Owens-Illinois Nd-glass 

laser.     Several of  those shots,  placed on different parts of  the sample, 

produced damage without the formation of a spark.     The occurrence of 

a spark was monitored with a photographic camera.     Damage occurred at 
2 

20 J/cm for a 30 ns pulse.  None of the sites damaged in the absence 

of a spark emitted exoelectrons in the familiar "doughnut" pattern;1 for 

that matter, no exoelectron emission was observed at all.  We continued 

the exposures of different areas of the sample with various beam ener- 

gies (as low as 1/6 of the damage threshold).  (Care was exercised to 

avoid laser bleaching of adjacent laser exposed sites.) No damage occurred 

under these conditions and no exoelectron emission was detected. 

20 
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Repeating these experiments with the multi-transverse mode Korad 

K-l laser at the Bendix Research Laboratories yielded similar results. 

Some of these results are shown in Figure 6. In Figure 6(b) the lower 

three damage  sites did not  spark and emitted no exoelectrons upon heating. 

The upper  left  damage  site was produced with a  focused beam 

(f = 14 cm)   that  produced air breakdown.     The  sample was placed in the 

center of  the  air spark.     The upper center  spot was obtained with the 

laser power  reduced to  the air breakdown  threshold.     Removing the LiF- 

crystal about  1  cm away  from the lens results  in an air breakdown spark 

just  in front  of  the  sample.     No damage was  produced;   however,   the 

familiar exoelectron  image  is clearly observable   [Figure 6(a)].    This 

latter condition therefore produced the effects described  in reference  1, 

that  is,  n£ damage but  strong exoelectron emission.    Moving the crystal 

away from the  focus toward the lens   (so  that  air breakdown  in the absence 

of the  sample would occur behind the  sample)  produced the damage pattern 

seen in the lower row of  Figure 6(b).     No  sparks were observed and no 

exoelectron  images could be detected.     In  order  to obtain an exoelectron 

image on the  exit  face of  the crystal,   the  formation of a spark is again 

required. 

Producing air breakdown  in front  of  the  sample   (sample  surface 

parallel  to  laser  focal waist)  resulted  in  a  cigar-shaped exoelectron 

image,  which  is  further convincing proof   for  the  "spark" mechanism 

(Figure  7). 

In summary,  we observe: 

(a)    LiF  samples of  the quality used  in our experiment  (Harshaw, 

optical  finish)  damage well below their expected dielectric 

breakdown  threshold   (calculated  from measured dc breakdown 

data).     This  is most  likely due  to  the  rather poor quality 

of  the  sample surface  (surface  contamination,   inclusions, 

scratches,  etc.). 

\ 

\ 
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(b) The formation of an exoelectron image on these LiF surfaces 
28  —2 -1 

upon exposure to laser photon fluxes <10  cm  s  requires 

the occurrence of a spark (or white-hot plasma), either in 

air or produced by evaporated sample material, immediately in 

front of the entrance or exit surface (the surface that the 

spark occurs in front of is the one that is examined for exo- 

electron emission). 

(c) Under certain conditions (nrmely, air breakdown a few mm in 

front of the surface), the familiar exoelectron image can be 

observed without any visible damage (inspection with magnify- 

ing glass). This is the condition described in reference 1 

and produced in Figure 3 ot this paper (reference 1). 

(d) Since the occurrence of sparks is - except under the special 

circumstances described above - of no interest within the 

framework of this contract, we will not investigate the pro- 

cesses that lead to exoelectron image formation under this 

condition. 

(e) The computer calculations indicate that an exoelectron image 

can be formed without sparks.  Samples of much better surface 

quality must be obtained for the experimental investigation 

of this phenomenon which is expected to occur at photon fluxes 
28  —2 —1 

>10  cm  s . The influence of the temperature rise during 

laser exposure and its role in the damage mechanism are ques- 

tions of interest that we will investigate in the next report- 

ing period. 
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SECTION 4 

EXPERIMENTS  ON EXOELECTRON  EMISSION  FROM 
SELECTED LASER MATERIALS 

In this  section we report experimental data on exoelectron emission 

from ED-2  glass,  NaCl,   and LiNbOß.     Thermally and optically stimulated 

experiments were conducted. 

4.1       THERMALLY  STIMULATED EXOELECTRON EMISSION   (TSEE) 

4.1.1 Apparatus Modifications 

An experimental system for the measurement of exoelectron 

properties of laser materials was described in the preceding semiannual 

report.  Since then, the system has been improved.  In particular, the 

exoelectron gun has been calibrated and its yield improved.  Figure 8 

shows a schematic of the electron gun.  It now operates as expected. 

Also, signal gain was increased and noise was reduced in the electronics. 

The detection elactronics are shown schematically in Figure 9. 

The copper-block sample holder had to be modified to prevent 

detection of exoelectron emission from the copper.  Figure 10 shows TSEE 

from the holder without a sample crystal after exposure to 3 keV electrons 
-7    2 

(6 x 10  A/cm ) for 2 min; the erratic behavior of the temperature was 

due to a loose thermocouple which was subsequently corrected.  A peak was 

observed to occur in the vicinity of the NaCl peak.  The holder was then 

shielded with tantalum foil leaving only the sample crystal exposed to 

the detector.  Tests on tantalum foil (Figure 11) showed that TSEE was 

negligible.  Figure 12 shews TSEE from a -antalum-shielded NaCl crystal. 

4.1.2 TSEE from ED-2 Glass 

As described in the previous semi-annual report, TSEE was 

observed from optical quality ED-2 Nd-doped glass samples (Owens-Illinois) 

after exposure to the Owens-Illinois, high intensity Nd-glass laser (TEMQQ 

mode).  The emission was very weak and could not be correlated with pre- 

vious exposure of the sample to the laser light.  Since then, we observed 

25 
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Figure 10 - Electron emission from copper  sample bolder. 
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Figure 11 - Electron emission fron tantalum. 
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Figure 12 - TSEE from NaCl:  (a) exoelectron emission after electron 
excitation, (b) emission with no prior electron excitation, 

and (c) temperature profile. 
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TSEE from ED-2 glass samples after electron bombardment.  Typical results 

are shown in Figure 13. At this point, we have to conclude that the 

emission is too weak to be oi  any practical use in laser damage studies. 

4.2  OPTICALLY STIMULATED EXOELECTRON EMISSION (OSEE) FROM 

SINGLE CRYSTAL SURFACES OF LiNbO AND NaCl 

4.2.1  OSEE from Electron-Irradiated Samples 

A newly discovered effect in pyroelectrics was described 

in the first semi-annual report.  We observed strong thermally induced 

electron emission from a single crystal of LiNbO« without prior excita- 

tion by ionizing radiation.  This effect is attributed to thermally stim- 

ulated field emission (TSFE).  As a result of this effect, the observation 

of TSEE from pyroelectric materials is difficult if not impossible; TSFE 

is, in general, a much stronger effect. Optical stimulation has to be 

used to release trapped electrons. 

4.2.1.1  Unpolished LiNbO» Surfaces 

An example of the characteristic decay observed 

in OSEE is shown in Figure 14 for single crystal, single domain LiNbO.. 

The surface was ground after the crystal was cut from the boule, but not 

polished.  The c+ face was first bombarded with unfocused 3 keV electrons. 

The emission shown as curve "a", which is typical of data* obtained at an 

early stage of our OSEE investigations, was found to be very reproducible 

over a span of approximately four runs.  By "reproducible", we refer to 

the peak height and decay rate.  A "run" consists of electron bombardment 

of the surface and subsequent illumination with photons.  In these tests, 

the decay rate and peak height were observed to depend on the light in- 

tensity as expected. However, they were found to be independent of the 

bombarding electron exposure time te. Since the peak height and decay 

rate should also depend on the number of populated electron traps, the 

observed time independence probably indicates complete population of the 

* 5      . 
Unless otherwise indicated, the emission calibration was 'VlO counts/ 
min full scale; the bombarding electron current was 6 x 10"^ A/cm^. 
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Figure 13 - TSEE from ED-2 glass after electron bombardment (3 keV, 
6 x 10-7 A/cm2) for:  (a) 10 mln, (b) 150 s, and (c) 0 s. 
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pertinent traps.  Curve 14b, which was taken under the same operating 

conditions about 12 runs after 14a, shows a different decay rate.  This 

new rate, which persisted in subsequent runs, is indicative of a change 

in surface conditions.  Most likely, the change was due to the electron 

bombardment. 

There was some indication that several different 

rates were involved in the decay.  This became evident in further tests. 

In one of these tests, the kinetic energy of the bombarding electrons 

was varied.  Figure 15 shows the variety of emission patterns encountered 

for energy changes of 1 to 3 keV with te ^5 minutes.  Results of tests 

involving the variation of te are shown in Figure 16; 2.5 keV electrons 

were used.  The variation in the emission is shown in Figure 17 for fixed 

operating conditions (te ^1.5 mln and the kinetic energy of the bombard- 

ing electrons was 2.5 keV).  The emission was observed to increase five- 

fold when the accelerating voltage was decreased from +600 to +300 V. 

Emission was still detected with a retarding voltage of -600 V; it de- 

creased by a factor of ^3.5 when the sample-detector voltage was changed 

from +600 to -600 V. 

A very curious effect was observed when a time 

delay (tj) was introduced between the end of the electron bombardment 

period and the start of the photon illumination period.  Figure 18 shows 

emission results obtained from a series of runs in which different te 

and tj were used.  A second emission peak appears somewhat "spontaneously" 

approximately 0.5 to 0.75 min after the decay of the first peak. The 

interval between the two peaks increases with tj and te.  For comparison, 

in emission curve for zero delay (i.e., t^ ■ 0) is also shown in Figure 18; 

this run was performed during the same series as the other three. 

In an effort to determine whether the crystal 

orientation affected the emission, we also conducted a series of experi- 

ments on the c" face.  Figures 19(a) and (b) show OSEE after a 3-inin ex- 

posure of the c" face of the LiNbOß crystal to 2.5 keV electrons.  These 

curves are typical of the variation in the emission pattern encountered 

for fixed operating conditions. The curve shown in Figure 19(b) was 

obtained from the run immediately following the run which produced 
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Figure 15 - Effect of kinetic energy of bombarding electrons 
(5 min exposure) on OSEE from c+ surface of LiNbO . 
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Figure 16 - Effect of bombarding electron (3 keV) exposure time 
on OSEE from c+ face of LINbO., 
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Figure 17 - Typical .variations in OSEE from c+ face of LiNbO, 
for fixed operating conditions. 
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Flgure 18 - Effect of delay and exposure time on OSEE from c+ 

face of LiNbO.. 
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Figure 19(a). There was no delay (i.e., td - 0) in these runs. Of par- 

ticular interest is the small, broad peak observed several minutes after 

the initial decay. This broad peak was also observed in subsequent runs. 

Figure 20 shows several runs on the c~ face in 

which tj was varied. Again considerable peak structure is evident.  In 

another experiment, an 11-min delay was introduced after exposure of the 

c" face to 2.5 keV electrons for 3 rain; Figure 21 shows the resulting 

emission. Two broad peaks were observed after the initial peak. After 

these peaks, the light was interrupted for ^0.5 min. As seen in Fig- 

ure 21, the emission slowly increases after the light is reintroduced, 

levels off, and then slowly decreases. This light interruption was re- 

peated several times (see Figure 21). The interruption was achieved using 

a light stop rather than turning the lamp off; the latter would have in- 

volved a rfarm-up period. Just moving the light beam, which illuminates 

^75% of the sample surface, around the surface produced similar broad 

peaking. 

Figure 22 shows the effect of a retarding volt- 

age on the emission. The curve in Figure 22(a) shows the emission with 

an accelerating potential of +300 V applied across the sample detector 

gap; the effect of interrupting the light is also shown. Figure 22(b) 

shows the emission with a -3300 V retarding potential  Emission is still 

observable. It is not c'.car whether the emission is high energy elec- 

trons or ultraviolet light. The latter can also be detected by the 

channel electron multiplier. 

The emission was observed to change from the 

sharp risetime Ml», for example, in Figure 22 to the slow risetine shown 

in Figure 23. This change, which occurred in the span of one run to the 

next, could not be attributed to any obvious change in the operating 

conditions. 

4.2.:.°  OSEE from Polished NaCl Surfaces 

OSEE from single crystal NaCl is shown in Fig- 

ure 24 for a 1-min exposure to 2.5 keV electrons. The emission was 

i 

40 

ii ii *lLi ^■M 



\ 

 n iii|j|i)i»itfiTi<uMi"k'iiiin^ 

f^^h^mmti l 

Figure 20 - Effect of delay on OSEE from c~ face of LiNb03. 
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found to be roughly an order of magnitude large than that from LiNbO_ 
e. ^ 

(> 10 counts/min full scale). Also shown in Figure 24 is the effect of 

interrupting the light beam and the detector voltage. The peaking which 

occurred after the interruption is probably due to detector gain fatigue. 

The sharp rise after reintroducing the light, the high count rate, p.nd 

the peaking after the voltage interruption all point to this possibility, 

4.2.1.3  OSEE from Poli^ned LiNbO. Surfaces 

After the LiNbO_ experiments described in Section 

4.2.1.1 were completed, the surfaces of the LiNb03 samples were diamond- 

polished; a great deal of care was exercised to avoid altering the crystal 

orientation.  The intent was to identify the effect of the surface finish 

on the emission.  Figure 25 shows a series of OSEE curves for various 

values of t where t, < 30 s. The runs were taken in chronological order 

beginning with (a) and endi. g with (d).  Two OSEE curves for different 

values of tj are shown in Figure 23; curve (b) was taken after (a). 

After two days of no experimentation, the curve shown in Figure 27 was 

taken. 

The emission in subsequent runs was observed to 

be about an order of magnitude lower than thac obtained in Figures 26 and 

27. This change could not be related to any obvious change in the oper- 

ating conditions. We therefore suspect that the surface conditions were 

changing.  Because of this possibility, an effort to correlate the data 

of the preceding figures with the l:e and tj changes was not warranted. 

We therefore undertook a new series of runs which are shown in Figures 28 

and 29; the curves were taken in chronological order beginning with (a). 

The curves of Figure 29 are particularly interesting since the operating 

conditions were nominally constant. These curves show that the widths 

of the "second" peaks and their delay increase chronologically. This 

was also observed for Figures 25, 26, and 28. 

In another test (Figure 30), we introduced various 

optical filters (red, yellow, and blue) into the light beam. It appeared 

that the blue filter was least effective in reducing the emission. This 

—————————   
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10" COUNTS/MINUTE 
FULL SCALE 

Figure 25 - OSEE from polished Li:ib03 c surface for various tg (td ( 30 s) 
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Figure 27 - OSEE for t    =5  s. 
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Figure  28 - OSEE for different  t. after decrease  in emission 

(•I PCAKS HERE 

u 

Id PEAKS HERE 

Ibl PEAKS HERE 

Idl PEAKS HERE 

111 PEAKS HERE 

Figure 29 - OSEE after decreased emission for te - 15 s and tj <_ 60 s. 
These runs were taken in chronological order starting with 
(a) and finishing with (e). 
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suggests that the shorter wavelength region of the tungsten lamp was pro- 

ducing the OSEE.  Another observation involving the filters is also shown 

in Figure 30.  The risetime after withdrawing the filter is seen to be 

much slower for the "second" peak. This is possibly indicative of dif- 

ferent mechanisms for each peak. In support of this is the observation 

that the filters appear to extinguish the OSEE associated with the 

"second" peak more than that associated with the first. 

In further runs, the emission decreased to a 

point where it became difficult to measure.  Again, there were no obvious 

changes in the operating corditions. 

4.2.2  OSEE from Laser-Irradiated LiNbO. 

Figure 31 shows a schematic of the apparatus employed in 

our investigations of OSEE from laser-irradiated LiNb03 crystals. The 

Q-switched Nd-glass rod laser and the associated monitoring devices were 

described in the first semi-annual report.  In the present work, the 

laser beam is focused with a 20-cm focal length lens onto the LiNb03 

crystal.  Single-domain crystals were used and the surfaces were diamond- 

polished.  The vacuum and detection systems are the same as used in the 

previously described electron bombardment work. The sample holder was 

modified, however, to allow the laser beam to pass through the sample 

and holder.  The laser beam was incident on the c+ side and the detector 

viewed this side.  The tungsten lamp beam irradiated the sample on the 

c~ side. 

An experimental run consisted of exposing the sample to 

a single laser pulse and then illuminating with the tungsten lamp.  The 

detector and electronics were usually operational during the laser pulse, 

thereby permitting the signal produced by the interaction of the laser 

with the sample to be recorded. Since the electronics were very slow 

(^,100 IDS), the resulting signal was, of course, highly integrated. Also, 

during a run, the beam from the tungsten lamp was usually stopped so that 

the sample was not illuminated during the laser pulse. In most of the 

experiments, neutral density filters were used to attenuate the laser 

beam. The sample was always under vacuum when exposed to the laser pulse. 
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Figure 32 shows the results of several runs taken on a 

single-domain LiNbO_ crystal which had been exposed previously to " 20 

laser pulses ranging in power density from that sufficient to produce 

surface damage to about 10% of damage threshold.  As can be seen in Fig- 

ure 32, a small emission background resulted when the sample was irra- 

diated with the tungsten lamp ("light on").  During the laser shots, 

the sample was observed to luminesce with a pinkish color. The four 

laser shots were taken with the laser beam sufficiently attenuated by 

neutral density filters to avoid damage to the sample. 

Figure 33 shows a series of runs which started with a 

> ighly attenuated laser pulse (#1, #2, and //3) and ended with a laser 

pulse sufficient for surface damage (//5 through //9).  We observed the 

light emission from the sample during the laser exposures in order to 

determine whether damage occurred.  Damage usually occurred when this 

light was a sharp, dark blue spark. We were not sure whether this spark 

occurred during the if5  shot.  However, it definitely did occur during 

the ^6 shot.  We note that the signals for the sixth and subsequent shots 

begin to exhibit a tail.  Also, for the same filter attenuation, the 

laser signal increased significantly while the OSEE increased only 

slightly. The OSEE finally became pronounced with the ninth shot.  The 

tail of the laser signal for this shot was quite obvious. Visual inspec- 

tion of the sample showed slight surface damage.  The sample was then 

exposed at the damaged spot to a series of highly attenuated laser pulses 

to determine whether the traps (if any) would be excited by low power 

pulses. Very little emission was observed during the first three shots 

immediately following the 119  shot of Figure 33; the results are shown 

in Figure 34.  However, the next shot, which was still highly attenuated, 

produced the emission shown in Figure 35.  The next shot produced the 

emission shown in Figure 36 (#1). The decay time was shorter for this 

emission. 

We then moved the sample so that the laser struck at a 

different spot.  The emission shown after #2 shot in Figure 36 may have 
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been left over from ill shot;   the  fact that the emission after #3 shot 

(in Figure 36)  is decreased  supports this.    The sample was  then exposed 

at  the same spot to two more  shots attenuated with the 0.47 neutral den- 

sity filter and then with one  shot with less attenuation using  the 0.70 

filter.     The emission each time was the  same as that for //3  in  Figure 29. 

However,  the next shot  (Figure 37)  produced increased emission.    More 

emission was produced with the pulse shown in Figure 38.     The  emission 

is seen to decrease and level off;  the effect of attenuating the tungsten 

light by inserting a glass plate  is also shown.    We did not pursue this 

run further to determine where the emission decreased.    Rather the spot 

was exposed to another laser pulse.    The resulting OSEE began at  the 

nominal background level,  slowly  increased,  and leveled off  after ^10 

min.    Again we did not measure  its decay, but instead exposed  the spot 

to further shots.    OSEE from these latter shots peaked out within several 

minutes and then leveled off.     Examples of some of these types  of behavior 

are shown in Figure 39.    The behavior of the OSEE in run #2 of Figure 39, 

in which the OSEE slowly increased  from the nominal background  level,   is 

noticeably different from the OSEE shown in Figures 37 and 38.     In Fig- 

ures 37 and 38,  the OSEE increased from one shot to the next;  within a 

single run,  it slowly decayed after lamp illumination rather  than slowly 

increasing.    A more recent  example of the Figures 37-38 behavior  is shown 

in Figures 40 (#3 and ,?4) and 41.     Emission was still observed after 1.5 

hr  (see #4 in Figure 40) of lamp  illumination I      Also,  in evidence was 

the increase in laser signal peak height and peak tail development which 

occurred as the sample spot was exposed to consecutive laser  pulses having 

sufficient power density to cause  damage  (Figure 33).     In some of these 

runs,   charge emission was detected when no visual evidence of a  damage 

spark or no apparent „amage could be found. 

Finally,  in Figure 42, we show the emission after exposure 

to laser pulses capable of sample damage l:or the situation in which the 

detector input was biased at a -3300 V relardinß potential for electrons. 

Although the laser signal and post-emissiot. occur, there was no clear 

evidence of OSEE. 
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Figure 37 - Increased OSEE from new spot 
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4.2.3  Discussion 

The results of our investigations of OSEE from LiNbO show 

a wide range of variation in the emission pattern for constant and for 

different operating conditions. Attempts to correlate the observed dif- 

ferences with changes in the operating parameters have not been success- 

ful.  Most likely, this lack of success was caused by changes in surLace 

conditions of the sample - changes which we are not yet able to control 

or measure.  In the OSEE -tudies of surfaces bombarded by electrons, the 

varying effects are most likely due to a combination of surface structure 

and charging phenomena.  The appearance of the "second" peak is most 

curious, particularly in light of the long delay time involved; it may 

well be dae to a different mechanism than the first peak.  One possibil- 

ity is a barrier effect, caused by surface charging, which prevented 

trap emptying until the barrier decayed to some low level. Also, we 

have not been able to ascertain the role, if any, of the crystal polari- 

zation.  Our concern was that local heating at the crystal surface, 

caused by the lamp illumination and surface imperfections, may have pro- 

duced thermally stimulated field emission. However, this does not ap- 

pear to be the case because similar emiss^n effects are observed on 

both the c and c surfaces and because the emission responds rapidly 

to Interruptions of the lamp ill-.uination, especially cut off.  More 

convincingly, no emission peaks were observed without previous electron 

bombardment of exposure to l~ser pulses. 

Similarly, we have not yet successfully correlated the ob- 

served emission after laser exposure with changes in the operating condi- 

tions.  Again, --> feel that the surface conditions were changing.  Our 

concern in the laser work is whether surface damage is a prerequisite for 

OSEE in LiNb03. Although some of our experimental results indicate that 

damage is not required, further experimental work involving a higher 

degree of apparatus sophistication than presently a/ailable will be 

necessary to subrtantiate this possibility. 

Further experimental work to r.nravel the reported effects 

should proceed along the lines of increased control over the surface 
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conditions, possibly through use of ultrahlgh vacuum techniques for sur- 

face preparation and characterization.  It will also be necessary to 

monitor the surface during and after trap excitation In order to detect 

changes.  Until this sophistication Is adopted, It does not appear worth- 

while to continue the OSEE Investigations. 
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SECTION 5 

EXOELECTRON EMISSION MICROSCOPE 

An electrostatic exoelectron emission microscope was described in 

the previous semi-annual report.  Testing of this microscope had just 

begun at that time.  Further testing revealed several design deficiencies 

which were responsible for the failure of the microscope to operate. 

Electrode misalignment and insulation problems were the main causes of 

this failure.  A new lens design was thus initiated to correct these 

problems. 

The electrode mount was the only part of the microscope requiring 

a change in design. As described in the first semi-annual report, the 

lens structure moves in a high-precision oil-free bearing race. It was 

decided that additional adjustment flexibility would be worthwhile. A 

gimbal-type mount with three fine-threaded screws was developed. This 

structure, which is shown in Figure 43,is commonly used in optical sys- 

tems. It provides for fast adjustment of the lens with respect to the 

optical axis. 

The new electrodes were machined from brass, then polished and gold- 

plated.  The insulators in the vicinity of the transmitted electron beam 

were suitably shielded to prevent surface charging. 

The lens configuration was changed from a three-electrode structure 

to an immarsion objective of the Bruchi type; two electrodes are employed. 

Extensive work on this lens has been reported in the literature.114 Ac- 

cording to Recknagel,15 the resolution of this lens depends mainly on the 

field strength close to the emitting surface; the thinner the first elec- 

trode, the higher the field strength.  In practice, however, the thickness 

cannot exceed some minimum value which is set by structural requirements. 

These requirements are particularly stringent when the sample is heated. 

Therefore, we chose a thickness of 0.030 in. for both electrodes.  More- 

over, an increased field strength is obtained by moving the second electrode 
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(anode) closer to the emitting surface.  Insulation breakdown however 

limits the distance between the first and second electrodes. We thus 

used a separation of 0.040 in. which is adequate for operating voltages 

up to 2.5 keV. 
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SECTION 6 

FUTURE WORK 

U 

The research results, described in the previous sections, have not 

only affected the scope of this present contract but have also shown 

that more work Is required than originally anticipated to understand 

the physical processes that lead to exoelectrcn images on, and ultimately 

catostrophic failure of, a sample surface upon exposure to intense laser 

beams. We propose therefore the following work statement: 

(a) Continue theoretical anlysis of the physical processes what 

lead to exoelectron emission from alkali halides after ex- 

posure to intense laser light; in particular, include the 

temperature effects in the calculation and discuss the possible 

involvement of a rapid rise in temperature in the damage 

mechanism. 

(b) Perform experiments that are designed to elucidate the physi- 

cal processes which lead to exoelectron emission and, at high 

laser powers, to the failure of the samples; in particular, 

study nominally pure NaCl that is exposed to ruby laser pulses. 

(c) Analyze the results of both the experiments and the theoreti- 

cal calculation with respect to the feasibility of using exo- 

electron techniques as a NDT method for laser surface damage. 
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SECTION 9 

SUMMARY 

■ ♦ 

This is the second semi-annual report for a pvograir. that is di- 

rected toward the development of a nondestructive method to predict laser 

surface damage of transparent dielectric materials used in high power 

laser systems.  The tejt program includes (1) investigation of exoelec- 

tron properties of a series of selected laser optical materials after 

exposure to ionizing radiation or to high peak power laser pulses, 

(2) correlation of exoelectron images, obtained after exposure of the 

surface to laser pulses, with the laser surface damage characteristics 

of these surfaces, and (3) study of the feasibility of using exoelectron 

surface imaging as a technique to nondestructively predict the laser 

surface damage threshold of laser optical materials. 

During the reporting period we have studied thermally stimulated 

exoelectron emission from Nd-2 laser glass and NaCl single crystals after 

electron bombardment and optically stimulated exoelectron emission from 

NaCl and LiNbO» single crystals.  Several new phenomena were discovered. 

Important new results were obtained on the mechanism of exoelec- 

tron imaging on LiF surfaces.  Computer calculations of the spatial 

variation of the density of trapped electrons after exposure of the 

sample (e.g., NaCl) to a TEM_n mode laser beam lead us to conclude that 

the multiphoton processes cannot be responsible for the exoelectron 

images observed, e.g., on LiF at the relatively low laser power densities 

used in these experiments.  The occurrence of a white-hot plasma in front 

of the examined surfaces was found to be the necessary condition for tne 

observation of the characteristic exoelectron images at these power den- 

sities.  However, this is not to say that multiphoton processes do not 

occur or are not dominant at higher laser powers.  On the contrary, 

according to our calculations, at power densities approaching the so- 

called dielectric breakdown threshold as measured by Blcembergen's 
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group, mulciphoton photocarrler generation and free carrier absorption 

will  indeed produce the  characteristic exuelectron image in the absence 

of any hot plasma.     As a further result,  a rapid rise  in the  tempera- 

ture of the  sample during laser exposure   (due to free carrier absorp- 

tion) may conceivably contribute to catastrophic failure of the optical 

material.     More detailed calculations and carefully designed experiments 

are expected to provide important new insight  into the exoelectron pro- 

cesses and  the mechanism of laser dar    •    in optical materials. 
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